ABSTRACT: The Nodaviridae are divided into the alphanodavirus genus, which infects insects, and the betanodavirus genus, which infects fishes. Betanodaviruses are the causative agent of viral encephalopathy and retinopathy (VER) in a number of cultivated marine fish species. The Nodaviridae are small non-enveloped RNA viruses that contain a genome consisting of 2 single-stranded positivesense RNA segments: RNA1 (3.1 kb), which encodes the viral part of the RNA-dependent RNA polymerase (RdRp); and RNA2 (1.4 kb), which encodes the capsid protein. In addition to RNA1 and RNA2, a subgenomic transcript of RNA1, RNA3, is present in infected cells. We have cloned and sequenced RNA1 from the Atlantic halibut Hippoglossus hippoglossus nodavirus (AHNV), and for the first time, the sequence of a betanodaviral subgenomic RNA3 has been determined. AHNV RNA1 was 3100 nucleotides in length and contained a main open reading frame encoding a polypeptide of 981 amino acids. Conservative motifs for RdRp were found in the deduced amino acid sequence. RNA3 was 371 nucleotides in length, and contained an open reading frame encoding a peptide of 75 amino acids corresponding to a hypothetical B2 protein, although sequence alignments with the alphanodavirus B2 proteins showed only marginal similarities. AHNV RNA replication in the fish cell-line SSN-1 (derived from striped snakehead) was analysed by Northern blot analysis, which indicated that RNA3 was synthesised in large amounts (compared to RNA1) at an early point in time post-infection.
INTRODUCTION
Commercial cultivation of Atlantic halibut Hippoglossus hippoglossus started in Norway in the early 1990s, with promising prospects of growth potential and market price. However, until now, successful cultivation of Atlantic halibut has been hampered by recurring outbreaks of viral encephalopathy and retinopathy (VER), also called viral nervous necrosis (VNN), which is caused by a nodavirus (Grotmol et al. 1995 (Grotmol et al. , 1997 . Affected fish exhibit a range of neurological abnormalities, which can be histologically characterized by vacuolisation and cellular necrosis in the central nervous system and retina (Grotmol et al. 1997 , Munday et al. 2002 . Nodaviruses are small (25 to 30 nm), unenveloped icosahedral viruses with a genome that consists of 2 molecules of positive-sense (+) single-stranded (ss) RNAs. RNA1 (3.1 kb) encodes protein A, the viral part of the RNA-dependent RNA polymerase (RdRp), while RNA2 (1.4 kb) encodes the capsid protein of the virus, protein α (reviewed by Schneemann et al. 1998) . The Nodaviridae are divided into 2 genera, the alphanodaviruses, which infect insects and the betanodaviruses, which infect fishes. The alphanodaviruses include the Pariacoto virus (PaV), the Nodamuravirus (NoV), the Boolarra virus (BoV), the flock house virus (FHV) and the black beetle virus (BBV) (Scherer et al. 1967 , Longworth & Archibald 1975 , Scotti et al. 1983 , Reinganum et al. 1985 , Zeddam et al. 1999 . In addition to RNA1 and RNA2, a subgenomic transcript of RNA1, RNA3, is present in insect nodavirus-infected cells (Friesen & Rueckert 1982 , Guarino et al. 1984 , Harper 1994 , Johnson et al. 2003 . RNA3 is 3' co-terminal with RNA1; it is capped but not polyadenylated, and is not present in the virus particle (Guarino et al. 1984) . NoV RNA3, FHV and BBV encode 2 small non-structural proteins, B1 and B2, in overlapping reading frames (Dasmahaptra et al. 1985 , Harper 1994 , Johnson et al. 2003 . B1 is translated in the same reading frame as protein A, while B2 is translated in a +1 reading frame. PaV RNA3 has the coding potential of B2 and a second, smaller open reading frame (ORF) corresponding to the C-terminal region of protein A (Johnson et al. 2000) , whereas the B1 ORF is absent from BoV RNA3 (Gene Bank Accession No. AF329080; Harper 1994) . The function of protein B1 is not known, while the function of the FHV B2 protein has recently been identified as a potent RNA-silencing inhibitor that renders infected plant cells or Drosophila spp. cells less resistant to the virus (Li et al. 2002) .
Independent of its protein encoding potential, it has been suggested that RNA3 may act as a transactivator in the replication of RNA2 (Eckerle & Ball 2002) . In contrast, RNA3 synthesis is suppressed by the replication of RNA2 (Zhong & Rueckert 1993 ). RNA3 has not been characterized in fish nodaviruses, although Delsert et al. (1997) detected an RNA segment of 0.4 kb in sea bass Dicentrarchus labrax larvae infected with D. labrax encephalitis virus (Dl EV). Iwamoto et al. (2001) also detected a faster migrating RNA (0.4 kb) from fish cells (E-11 cell line, a cloned version of SSN-1) that had been transfected with in vitro transcribed striped-jack nervous necrosis virus (SJNNV) RNA1 and RNA2. The complete nucleotide sequence of the RNA1 segment is known for the fish nodaviruses SJNNV (Nagai & Nishizawa 1999 ) and greasy grouper nervous necrosis virus (GGNNV) (Tan et al. 2001) . A partial RNA1 sequence also exists for the Japanese flounder nervous necrosis virus (GenBank AB046376). Partial RNA2 nucleotide sequences exist for several other fish nodaviruses. In phylogenetic analyses based on alignments of the variable (T4) region of the viral capsid gene, fish nodaviruses have been classified into 4 genotypes: SJNNV, tiger puffer nervous necrosis virus (TPNNV), Barfin flounder nervous necrosis virus (BFNNV) and redspotted grouper nervous necrosis virus (RGNNV) (Nishizawa et al. 1997) . The nodavirus that affects Atlantic halibut belongs to the BFNNV genotype together with nodaviruses from Japanese barfin flounder Verasper moseri Pacific cod Gadus macrocephalus and Atlantic cod Gadus morhua, all cold-water fish species (Aspehaug et al. 1999 , Grotmol et al. 2000 , Johnson et al. 2002 . In this study we report the full-length sequence of AHNV RNA1, the nucleotide sequence of the subgenomic RNA3, and its presence early in the infection cycle of AHNV-infected fish cells.
MATERIALS AND METHODS
Generation and screening of cDNA library from AHNV-infected Atlantic halibut larvae. AHNV-infected halibut larvae were collected from a commercial rearing facility in Western Norway during a natural outbreak in June 1999. The presence of AHNV in diseased larvae was confirmed by means of immunohistochemistry and reverse transcription (RT)-PCR, as described by Grotmol et al. (1999 Grotmol et al. ( , 2000 . The nodavirus strain was denoted AH99NorA, and the material was stored at -80°C until used. Total RNA was extracted from 30 diseased larvae using Trizol® Reagent (Life Technologies) according to the manufacturer's protocol. cDNA was synthesised using the Universal RiboClone® cDNA synthesis system (Promega Corporation), and blunt-ended cDNA was cloned into the lambda Zap II vector (Stratagene Inc.), using EcoR I adaptors. Recombinant lambda were packed in vitro with Gigapack Gold Packing Extract and plated on E. coli XLI-blue cells (Stratagene Inc.). Plaques were transferred to nylon membranes (Roche, Germany), fixed under UV-light at an intensity of 120 mJ cm -2 (StrataLinker, Stratagene Inc.) , and the cDNA library (1 × 10 5 plaque-forming units, pfu) screened using 2 digoxigenin (DIG)-labelled DNA probes based on the sequence of SJNNV RNA 1 (Nagai & Nishizawa 1999) . The probes were made using cDNA from SJNNVinfected SSN-1 cells (Strain SJ93Nag; Nishizawa et al. 1997) as templates in a PCR-based DIG-dUTP incorporation protocol (Roche). Probe 1 (427 bp) was made using the primer-pairs SJRNA1-F1 (5'-CGGT-GTGGTTGAGAAATGTG-3') and SJRNA1-B1 (5'GGT-GATGCCAGTAATGTCGC-3'), and probe 2 (161 bp) was made using the primer-pairs SJRNA1-F2 (5'-AGTGGCTAGGGATTTCGTGC-3') and SJRNA1-B2 (5'-GGAACGCCTTGACGATCATA -3'). Hybridisation with 10 ng ml -1 of each probe was performed overnight in Standard hybridisation buffer (Roche) at 67°C, followed by a post-hybridisation wash with 0.5 × SSC (0.075 mM NaCl, 7.5 mM sodium citrate, pH 7.0), 0.1% sodium dodecyl sulfate (SDS) at 68°C. Positive plaques were detected using the DIG Luminescence Detection Kit, with anti-digoxigenin-AP and the chemiluminescence substrate CSPD® (Roche). Single positive plaques were cored and subjected to in vivo excision with the ExAssist Helper phage (Stratagene Inc.), according to the manufacturer's instructions. Insert DNA, freed from the lambda vector in the form of a pBluescript phagemid, was sequenced using the ABI PRISM ® BigDye Primer Cycle Sequencing Kit (Applied Biosystems) with the vector primers reverse M13 and T7 primer.
Cloning RNA1 and RNA3 ends. The 5' end of RNA1 and RNA3 was determined by 5'RACE (rapid amplification of cDNA ends) using the GeneRacer Kit (Invitrogen) according to the manufacturer's instructions. The 5' end of RNA1 was obtained by RT-PCR using the GeneRacer 5' primer (5'-CGACTG-GAGCACGAGGACACTGA-3') together with the gene-specific primer 5'-GCCACTCTTCTCGACAA-CGC-TCA-3'. This RT-PCR product (approx. 400 bp) was cloned into the plasmid vector pCR4-TOPO (Invitrogen) and sequenced using the ABI dye primer cyclesequencing kit (Applied Biosystems). The 5' end of RNA 3 was obtained and sequenced in a similar way, using the GeneRace 5' primer in combination with a gene-specific primer (5'-GAACGTGAAGGCGGCAT-GCT-3') binding around 400 bp downstream of the anticipated transcription start for RNA 3. The 3' end sequence of RNA1 was determined by ligating (T4 RNA ligase) dephosphorylated and decapped RNA. Using RT-PCR with primers specific for the 5' end (5'-ATGGTTTCAGTAGCACTATTCCGCTC-3') and the 3' end of RNA1 (5'-ATGGAGACAGAGTAGAAG-GAGCTGCC-3'), a product was generated covering the junction of the head-to-tail RNA molecule. The PCR product was cloned into pCR4-TOPO and sequenced.
Identification of RNA3 in AHNV-infected cells by Northern blot analysis. SSN-1 cells derived from the striped snakehead fish Ophicephalus striatus (Frerichs et al. 1996) were grown in 75 cm 2 cell-culture flasks (Falcon Primaria, Becton Dickinson Labware) at 25°C until 70 to 80% confluence and inoculated with 1.0 × 10 8 TCID 50 of AHNV (third passage of Strain AH95NorA) at 20°C, as described by Dannevig et al. (2000) . Cells were washed and harvested 8, 24, 48 and 120 h post-infection using a cell scraper and low-speed centrifugation (1000 × g). Total RNA was extracted from virus-infected SSN-1 cells using an RNeasy Mini Prep Kit (Qiagen). From each sample, 5 µg RNA was resolved by agarose/formaldehyde gel electrophoresis, according to Sambrook & Russell (2001) . RNAs were transferred to nylon membranes (Roche) according to the manufacturer's instructions and fixed by UV light at 120 mJ cm -2
. Hybridisation was performed with four 3'DIG-labelled ss DNA oligoprobes specific for the AHNV RNA1/RNA3 and AHNV RNA2 positive and negative strands, using 10 pmol ml -1 probe in standard hybridisation buffer (Roche) at 60°C. Probe RNA1/3 ss (+) 5'-TGCTGATCGATCGCCTGTTG-GATTTGTTCC-3', Probe RNA 1/3 ss (-) 5'-GGAA-CAAATCCAACAGGCGATCGATCAGCA-3', Probe RNA2 ss (+) 5'-TGTTCTGCTTTCCCACCATTTG-GCAACGACCGCACCG-3', and Probe RNA2 ss (-) 5'-GGTTGGTACTCCTGTGTGCCGGCAACAACACT-GACGT-3' were synthesised and 3' end DIG-labelled by OligoGold (MedProbe). Post-hybridisation washes were done twice with 0.5 × SSC, 0.1 × SDS at 30°C, and detection was performed with anti-DIG AP and CSPD ® substrate (Roche) and X-omit film (Kodak).
Sequence analysis. The nucleotide sequences were assembled and analysed using the Vector NTI™ application programmes (InforMax®). Amino acid (aa) sequences and nucleic acid sequences were aligned using AlignX in the Vector NTI™ package based on the Clustal W algorithm (Thompson et al. 1994) . Multiple and pairwise alignment of protein sequences was performed using a Gonnet score matrix with a gap-opening penalty of 5 and a gap-extension penalty of 0.01. DNA sequences were aligned using swgapdnamt matrix with a gap-opening penalty of 10 and gapextension penalty of 6.66 (default settings). RNA secondary structure was predicted using Mfold Version 3.1 ) at the mfold server at Rensselaer Polytechnic Institute, New York, and by means of RNA structure Version 3.7 . Transmembrane domain analysis was preformed using TMpred (available at: http://www.ch.embnet. org/software/TMPRED_form.html), DAS (available at: http://www.sbc.su.se/~miklos/DAS/maindas.html), hydrophobicity plot (available at: http://bioinformatics. weizmann.ac.il/hydroph/plot_hydroph.html) and secondary structure predictions using ExPACy, proteomics tools (available at: http://us.expasy.org/tools/).
The nucleotide sequence of RNA1 and RNA3 was deposited in the EMBL nucleotide sequence database under Accession No. AJ401165 (updated 21 January 2003).
RESULTS AND DISCUSSION

AHNV RNA1 and ORF-A
The nucleotide sequence of AHNV RNA1 was obtained by DNA sequencing of 8 overlapping clones from the cDNA library, and the 5' and 3' terminal ends were determined by 5'RACE and RNA ligation. The complete RNA1 nucleotide sequence was 3100 bases and contained 1 major ORF (called ORF protein A) at nucleotides (nt) 79 to 3021, encoding a 981 aa polypeptide with a deduced molecular mass of 110 kDa. A BlastX search (Altschul et al. 1997 ) using the AHNV RNA1 sequence revealed significant matches (E < 10 -5 ) with the protein A sequence of GGNNV, SJNNV, the partial sequence of JFNNV RNA1, and the protein A sequences of the 5 known insect nodaviruses. Pairwise sequence-alignment of the AHNV protein A sequence with the other fish nodaviruses demonstrated high sequence identity (Table 1) ; the amino acid sequence identity between AHNV and GGNNV, and AHNV and SJNNV was 90 and 89%, respectively. The sequence identity between protein A of GGNNV and SJNNV, in viruses that infect geographically and biologically closer related species of fish, was also 89%. The differences in the protein A encoding-region between the fish nodaviruses were all due to nucleotide substitutions, except two 3-nucleotide deletions in the AHNV RNA1 sequence which made the deduced protein A 1 aa shorter than GGNNV and 2 aa shorter than the SJNNV protein A sequence.
A similar comparison of protein A sequences within the insect nodaviruses revealed a much lower level of similarity within that genus (Table 1, and Johnson et al. 2001) . In fact, the identities between the geographically and biologically separated insect nodavirus PaV and the other insect nodaviruses (approximately 23%) are as low as the variation between the fish and insect nodaviruses (approximately 24%). Interestingly, the PaV protein A sequence showed a higher identity to the fish nodavirus RdRps than to the insect nodavirus sequences, while the PaV capsid protein sequence showed a very low identity to the fish nodavirus capsid proteins (Table 1) . Although very speculative, it is tempting to consider if the RNA1 and RNA2 molecules in PaV might have evolved from 2 different sources. Although highly variable in amino acid sequence, multiple sequence alignment showed a clear relationship in organization of the RdRp domain within the fish and insect nodaviruses (Fig. 1) . In all RdRps, 3 motifs are completely conserved including a GDD-consensus sequence which is believed to define a highly conserved 'polymerase site' (Poch et al. 1989 , Delarue et al. 1990 ). The RdRp signature sequence has been defined as DX 3 (FYWLCA)X 0-1 DX n (STM)GX 3 TX 3 (NE)X n (GS)DD (Koonin & Dolja 1993) , where X denotes any residue, residues in parentheses are amino acids allowed in this position, and subscripts denote the number of residues present. As discussed by Johnson et al. (2001) , this signature was precisely matched by alignment of each of the 5 insect nodaviruses and the SJNNV protein A sequence. Addition of the AHNV (and GGNNV) protein A sequences to this alignment also resulted in a precise match of the RdRp signature in the C-terminal part of the molecules (core residues in the RdRp signature are boxed in Fig. 1 ). This strongly suggests that the major ORF present in the RNA1 sequence of AHNV encodes the viral part of the RdRp.
Since nodavirus RNA is capped and replicated in the cytoplasm (Dasgupta et al. 1984 , Dasmahapatra et al. 1985 , protein A is expected to have an RNA guanylyland methyltransferase activity. A putative guanylylation motif (HNA)XH in the N-terminal part of the protein has been proposed by Johnson et al. (2001) as a good candidate for capping activity. The HXH motif was evident at positions 74 to 76 of the AHNV, as well as in the SJNNV and GGNNV sequence, and at position 96 to 98 in the PaV sequence (Fig. 1) , while the other insect nodaviruses had an NXH motif. As noted by Johnson et al. (2001) and seen in the multiple alignment in Fig. 1 , a relatively high level of conservation was observed at the N-terminal region of the fish and insect nodavirus RdRps downstream of the capping motif. The D(VI)DYY sequence starting at aa position 144 (numbered relative to the AHNV sequence) was outstanding, but an attempt to search for any protein motif having this sequence was unsuccessful. The cellular localisation of the RdRp of FHV has recently been identified as an outer mitochondrial membrane complex, in which the N-terminal of the protein (aa 15 Table 1 Predicted TMD Cap-motif 
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to 36) contains a transmembrane domain (Miller & Ahlquist 2002 ). Analysis of the protein A sequence of AHNV using different computer programs predicted with a high probability a transmembrane segment in almost the same N-terminal region as FHV (aa 6 to 25, Fig. 1 ). However, there were also indications of a region corresponding to a transmembrane helix at aa positions 150 to 169 and 225 to 247, and PSORT predicted the AHNV protein as being a nuclear protein (with 74% probability). Further studies are needed to determine the cellular localisation of fish nodavirus RdRps. Authentic termini are reported to be of importance for efficient RNA replication (Ball 1992 , 1995 , Ball & Li 1993 , and it is interesting that both the length and, to a high extent the sequence, are conserved in the X untranslated regions (UTRs) of the fish nodaviruses (Fig. 2) . The AHNV RNA1 sequence had a 5' UTR of 79 nt and 3' UTR of 76 nt, identical in length to that of GGNNV (Tan et al. 2001 ) and 1 nt shorter at the 3' UTR than SJNNV RNA1 (Iwamoto et al. 2001 ). Compared to the insect nodaviruses 5' UTRs, which vary from 21 to 39 nt (Johnson et al. 2001) , the 5' UTRs of fish nodaviruses are relatively long. The 3' UTR of the fish nodaviruses' RNA1 are all very C-rich (41%) and the average % GC is 63. This is in agreement with the insect nodavirus 3' UTR (Johnson et al. 2001) , although the conserved C-rich motif [CCCC(X)nCGC] found in the 3' UTR of RNA1 and RNA2 of BBV, FHV and BoV (Kaesberg et al. 1990) was not found in AHNV or any of the other fish nodaviruses. As with the 5' UTR of fish nodavirus RNA2 (Iwamoto et al. 2001 , Tan et al. 2001 . results for AHNV), the 5' terminal nucleotides, disregarding the cap, are UAA. As discussed by Dasmahapatra et al. (1985) and Kaesberg et al. (1990) , secondary structures at the 3' UTR might be responsible for recognition/binding of the RNA replicase. A common pattern of secondary structure of the fish nodavirus RNA1 3' UTRs was not obtained using RNA secondary-structure prediction programs based on the Zucker algorithm.
RNA3 and protein B2
The subgenomic RNA3 of AHNV was determined by 5' RACE and a downstream lying primer corresponding to the 3' end of RNA1. A single band corresponding to approximately 400 nt was revealed by RT-PCR, and DNA sequencing of several clones of the RT-PCR product revealed a 5' RACE-generated product of 371 nt which corresponded to nt 2730 to 3100 of the AHNV RNA1 sequence. A transcript corresponding to this molecule was also demonstrated by Northern blotting of RNA from AHNV-infected SSN-1 cells (Fig. 3) . Positive-sense RNA3 was detected 24 h post-infection together with both positive-sense RNA1 and RNA2 (not shown), although the RNA1 band was very weak at this point in time. In addition, an RNA molecule of approximately 1.7 kb was hybridising with the RNA1/3 ss (+) probe (Fig. 3, Lane 5 ). This could consist of dimers of RNA2 and RNA3, which have been reported to be present during the replication of insect nodaviruses (Albarino et al. 2001) , or a degradation product of RNA1. No cytopathogenic effect (CPE) was evident in SSN-1 cells until 120 h post-infection, probably due to a sub-optimal temperature (20°C) for both cells and virus , Dannevig et al. 2000 . Therefore, the presence of AHNV RNA3 24 h post-infection is in correspon- Table 1 dence with the synthesis of RNA3 in BBV-and FHVinfected Drosophila spp. cells at an early stage of infection (Friesen & Rueckert 1981 , Gallagher et al. 1983 ). In contrast, Delsert et al. (1997) did not detect expression of Dl EV RNA3 until 96 h post-infection in SBL cells, while RNA1 and RNA2 was detected earlier, at 24 h post-infection. No negative-sense RNA3, RNA1 or RNA2 was detected on the Northern blot; this could have been due to a very low copy number of negative-sense RNA. The start of the AHNV RNA3 sequence lies downstream of the start codon of the putative B1 protein, indicating that the B1 protein is not expressed during AHNV infection. In most natural eukaryotic mRNAs, the start site for translation is the first AUG codon downstream of the 5' end (Kozak 1999) , and it is therefore unlikely that the ribosomes will scan RNA1 until it faces the putative start codon for protein B1 at Nucleotide 2692 (on its way it will meet 37 AUGs). Unless there is a second subgenomic RNA or a cleavage of RNA1 (which is not likely to produce a functional transcript), the B1-ORF is probably not expressed in AHNV-infected cells. One ORF of 75 codons, in the +1 reading frame compared to ORF-A, was evident within the AHNV RNA3 sequence. This ORF, called ORF-B2, showed significant sequence similarities with the B2 ORF identified in the RNA1 sequence of GGNNV (85% identity) and SJNNV (79% identity). Alignments with the much longer insect nodavirus B2 proteins (Johnson et al. 2001) showed no obvious sequence similarities. The B2 protein encoded by FHV has recently been identified as a potent RNAsilencing inhibitor (Li et al. 2002) . Although the putative B2 proteins of the fish nodaviruses differed from the insect nodaviruses, the presence and conservation of this ORF strongly indicates that the B2 protein is also important for fish nodavirus replication. However, the presence of the B2 protein in nodavirus-infected fish cells remains to be demonstrated. 
